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Abstract: Li-ion batteries are at risk of explosions caused by fires, primarily because of the
high energy density of Li ions, which raises the temperature. Battery cases are typically
made of plastic, aluminum, or SAF30400. Although plastic and aluminum aid weight
reduction, their strength and melting points are low. SAF30400 offers excellent strength and
corrosion resistance but suffers from work hardening and low high-temperature strength
at 700 °C. Additionally, Ni used for plating has a low current density of 25% international
copper alloy standard (ICAS). SAF2507 is suitable for use as a Li-ion battery case material
because of its excellent strength and corrosion resistance. However, the heterogeneous
microstructure of SAF2507 after casting and processing decreases the corrosion resistance,
so it requires solution heat treatment. To address these issues, in this study, SAF2507 (780
MPa, 30%) is solution heat-treated at 1100 °C after casting and coated with Ag (ICAS
108.4%) using physical vapor deposition (PVD). Ag is applied at five different thicknesses:
0.5,1.0,1.5,2.0, and 2.5 um. The surface conditions and electrochemical properties are then
examined for each coating thickness. The results indicate that the PVD-coated surface forms
a uniform Ag layer, with electrical conductivity increasing from 1.9% ICAS to 72.3% ICAS
depending on the Ag coating thickness. This enhancement in conductivity can improve
Li-ion battery safety on charge and use. This result is expected to aid the development of
advanced Li-ion battery systems in the future.

Keywords: Ag coating; super duplex stainless steel; Li-ion battery case; physical vapor
deposition; electrochemical behavior

1. Introduction

Li-ion batteries exhibit outstanding performance and are considered excellent can-
didates as power sources for various applications, including electric vehicles (EVs) and
portable electronic devices [1,2]. Since 2010, the demand for portable electronic devices such
as smartphones and tablets has increased substantially, and from 2020, the demand for EVs
has surged significantly [3,4]. However, safety concerns related to the high-temperature
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ignition of these batteries (rising up to 700 °C) have been continuously reported and re-
quire urgent attention [5,6]. Researchers have been investigating battery systems through
system-level studies to control battery ignition and thereby improve safety [7,8]. For in-
stance, Tudoroiu studied temperature management systems for batteries, while Rahman
focused on developing warning systems associated with battery temperature [9]. Despite
these efforts, the heat generated by direct Li electron emissions remains uncontrolled, and
research on improving the materials used in batteries remains limited.

The ignition of batteries is primarily triggered by the thermal runaway of the bat-
tery [10,11]. Therefore, enhancing electrical conductivity when Li is directly involved
can reduce heat generation [12]. Current systems have attempted to improve electrical
conductivity by coating the battery case with Ni [13]. Although Ni has a relatively low
electrical conductivity of 23.8% international copper alloy standard (ICAS), it still exceeds
that of the case material, thereby reducing heat generation caused by electrical resistance.
Several materials, such as Ag (108.4% ICAS) and Cu (100.0% ICAS), exhibit higher electrical
conductivity than Ni. However, despite Ag’s high electrical conductivity, its high cost has
prevented its widespread use as a coating. The existing literature typically focuses on Ni
plating on SAF30400, with limited studies exploring other coatings.

Initially, battery cases were made from plastic, with aluminum alloys later introduced
to improve safety [4,14,15]. Although aluminum alloys possess excellent strength and
corrosion resistance, their low melting point (670 °C) makes them unsuitable for withstand-
ing high-temperature ignition (700 °C). The more recently adopted material, SAF30400
(austenite stainless steel), offers both strength and corrosion resistance. However, it faces
challenges such as low high-temperature strength (170 MPa at 700 °C), a high thermal
expansion coefficient (19.5 x 10~ at 700 °C), and susceptibility to work hardening under
stress [16,17]. These issues not only shorten the lifespan of the battery case material but
complicate the recycling process. Therefore, selecting recyclable materials with excellent
strength and corrosion resistance is essential.

Super-duplex stainless steel (SDSS) is a dual-phase stainless steel consisting of austen-
ite and ferrite, which provides excellent strength and corrosion resistance. Additionally,
it has high high-temperature strength (340 MPa at 700 °C) and low thermal expansion
coefficient (14.0 x 10~°), making it suitable for use in battery cases. Its high strength
(780 MPa) and corrosion resistance (with a durability of up to 50 years in seawater) suggest
that it can be efficiently recycled when used in Li-ion battery cases [18,19]. Therefore, the
adoption of SDSS in battery cases is expected to significantly improve safety.

Research on SDSS has been extensive, particularly during its early development stages
for manufacturing [20,21]. Various researchers have studied SDSS, with Nillson analyzing
the heat treatment conditions for optimizing its properties [19,22]. Recent studies have
shifted focus toward the application of SDSS in various fields, with Nando, for instance,
researching the laser welding of SDSS. Despite extensive research on SDSS, studies on its
practical applications remain limited. Moreover, no research has specifically investigated
the use of SDSS as a material for Li-ion battery cases.

This study utilized SDSS SAF2507, renowned for its excellent strength and corrosion
resistance, and applied Ag coating to enhance the electrical conductivity of lithium-ion
batteries. The thickness of the Ag coating was precisely controlled, and its properties
were thoroughly analyzed. Surface images corresponding to various coating thicknesses
were examined, and their electrochemical characteristics were evaluated through special-
ized methods.
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2. Experimental Methods
2.1. Manufacture of Super Duplex Stainless Steel SAF2507

In this study, the material was cast in an electric furnace and subsequently solution
heat-treated. The specimen preparation process and experimental conditions are presented
in Figure 1. The specimens (# «) used in the experiments were cast in an electric furnace
and air-cooled (POSCO SS, Changwon, Republic of Korea) [19,23]. Due to issues such as
uneven microstructure and alloy segregation observed in the cast specimens, solution heat
treatment was performed at 1100 °C for 1 h (# 3) to address these problems [24,25]. The
microstructures of both the cast and solution heat-treated specimens were analyzed using
FE-SEM (SUPRA 40VP system, Zeiss, Oberkochen, Germany). In addition, the composition
of each phase was analyzed using energy-dispersive X-ray spectroscopy (EDS; SUPRA
40VP system, Zeiss, Oberkochen, Germany) [26,27]. The phase fractions were determined
from the FE-SEM images, and tests were repeated five times to verify consistency based on
different specimen locations.

g #B

=) Solution annealing at 1100 °C

""B' # o For homogeneous grain morphology

th Casting in electric furnace (holding time, 1 h)

o

[

= Quenching #8

# Y Analysis of electrochemical
Ag coating by PVD  behavior by potentiostat in
From 0.0 to 2.5 um 3.5 wt. % NaCl
—> —> >
Time

Figure 1. Schematic diagram of the preparation and analysis timeline of Ag-coated super duplex
stainless steel SAF2507: (# «) casting for manufacturing (red arrow), (# 3) solution annealing to
achieve homogeneous grains (red arrow), (# y) Ag coating applied via PVD in thicknesses ranging
from 0.0 to 2.5 um (blue arrow), and (# d) analysis of electrochemical behavior (green arrow).

The primary alloys in the cast material were Cr, Ni, and Mo, with their chemical
compositions analyzed using inductively coupled plasma mass spectrometry (ICP-MS;
Thermo Fisher Scientific, Waltham, MA, USA); the results are presented in Table 1. The
chemical analysis revealed that the primary alloys contained 25.2 wt.% Cr, 3.8 wt.% Mo,
and 6.8 wt.% Ni [28,29]. Duplex stainless steels are classified based on the calculated pitting
resistance equivalent number (PREN), which contributes to strengthening the passive layer,
as presented in Equation 1.

PREN = wt.% Cr + 3.3 wt. % Mo + 16 wt. % N, (1)

Table 1. Chemical composition of Ag-coated super duplex stainless steel SAF2507, as determined by
ICP-MS (unit: wt.%) [19,30].

C N Mn Ni Cr Mo Fe PREN

Chemical composition

0.01 0.27 0.8 6.8 252 3.8 Bal 41.8

The PREN of the cast material was 41.8, classifying it as SDSS (40-50) [17,31]. The
chemical composition of the material was comparable to that of SDSS SAF2507. Among
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the primary alloys, Cr predominantly forms the passivation layer (Cr,O3) in stainless
steel [32,33]. Mo exhibits a larger lattice structure than Cr, thus acting as an accelerator
for Cr passivation [34]. N, an interstitial element, remains within the lattice and further
enhances Cr passivation [16,35,36]. Ni and Mn are austenite-stabilizing elements that
contribute to the stabilization of the austenite phase [17].

2.2. Conditions for Producing the Ag Coating and Methods of Its Analysis

To use SDSS SAF2507 as a battery case, enhancing its electrical conductivity is essential.
While existing studies have improved electrical conductivity using Ni, we applied an Ag
coating to achieve superior performance for the battery case. The Ag coating was applied
using PVD (Laon Tech, Anseong-si, Republic of Korea) [13,37]. The conditions for Ag
coating via PVD are listed in Table 2. Ag was evaporated using a current of 80 A, with
coating durations ranging from 10 to 40 min.

Table 2. PVD conditions (current, vapor time, pressure) for Ag coating of super duplex stainless
SAF2507 to enhance Li-ion battery case performance.

Current, A Vapor Time, Min Pressure, Torr
Value 80 10-40 12 x 107

The surface conditions of the SDSS SAF2507 after Ag coating were analyzed using
FE-SEM, XRD (D8 Venture, Stanford, CA, USA), atomic force microscopy (AFM), and GDS
(Horiba Jobin Yvon, JY-10000 RF, Palaiseau, France). FE-SEM was used to examine surface
images based on Ag coating thickness [37,38]. XRD was used to analyze phase changes on
the surface under various Ag coating conditions, scanning an area of 1 cm? from 20° to 80°
with a step size of 0.5° /s [39,40]. The surface roughness concerning Ag coating thickness
was evaluated using AFM (Park System, Suwon, Korea), with a measurement length of
50 pum. Roughness was based on average maximum and average values, determined
by averaging measurements from five different locations. The thickness of the coating
layer was measured using GDS. For a comprehensive analysis of the Ag coating layer, the
concentrations of Ag, Ni, Fe, Mo, and Cr were determined using GDS, with an analysis
area of 4 cm? and a depth of 5 um.

2.3. Analysis of Electrochemical Behavior

The electrochemical behavior concerning Ag coating thickness was investigated using
three methods: OCP, EIS, and potentiodynamic polarization tests. Analysis was conducted
using a potentiostat (VersaSTAT 4.0, AMETEK, Inc., Berwyn, PA, USA) within a three-
electrode cell configuration. The cell consisted of a working electrode (WE, specimen) with
an analysis surface area of 1 cm?, a counter electrode (CE, Pt mesh, 20 x 20 mm), and a
reference electrode (RE, saturated calomel electrode (SCE)). A 3.5 wt.% NaCl solution, as
specified in ASTM G 61, served as the electrolyte [41].

The potential of a material is influenced by the properties of the metal, making it
challenging to calculate based solely on alloying metal or surface conditions. Therefore, the
OCP was measured, reflecting the potential of hydrogen and oxygen reactions over time in
the electrolyte solution [42,43]. OCP measurements were conducted for 3600 s at a step rate
of 1 point/s. Potentiodynamic polarization tests assessed corrosion behavior by measuring
changes in current density relative to the applied voltage. These tests were conducted by
applying voltages ranging from —0.6 to 1.2 V at a scan rate of 0.167 mV /s, allowing for an
evaluation of electrochemical reactions based on Ag coating thickness [31].
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3. Results
3.1. Manufacture of SDSS SAF2507

SDSS SAF 2507 is characterized by its high alloy content, necessitating precise control
of chemical composition during the electric furnace process. Following casting, SAF 2507
undergoes solution annealing. After manufacturing, the material may be subjected to
machining, welding, and coating before being utilized in applications such as battery
casings. The microstructures of SAF 2507 after casting and solution heat treatment are

presented in Figure 2.

(@) (b)

Figure 2. FE-SEM images illustrating the manufacturing process of super duplex stainless steel
SAF2507: (a) casting and (b) solution annealing at 1100 °C.

The as-cast microstructure exhibits an inhomogeneous distribution of austenite (y,
bright gray islands) and ferrite (5, base metrics). Post-casting, austenite is differentiated
into coarse and fine grains, with coarse austenite grains exceeding 20 um in diameter
and fine grains measuring less than 3 pm [19,44]. This inhomogeneous morphology of
austenite arises from variations in nucleation and growth energies, influenced by the
chemical compositional differences within the SAF 2507 alloy. Ferrite appears in areas with
both high and low volume fractions; regions with a high ferrite volume fraction result
from insufficient driving force for austenite nucleation. Conversely, fine austenite grains
are evident in areas with a lower ferrite fraction. The air-cooled as-cast microstructure
exhibits alloy segregation, leading to differences in nucleation and growth energies, which
ultimately affect the microstructural morphology.

Solution Annealing stabilizes the microstructure of SAF 2507. The heat-treated mi-
crostructure shows a reduced volume fraction of fine austenite grains and a decrease in
the variability of ferrite volume fractions. Uniform grain growth occurs, with austenite
grain diameters increasing from 5 to 25 um, which mitigates ferrite segregation. This
process promotes the formation of homogeneously sized austenite grains, contributing to
the overall stabilization of both ferrite and austenite phases.

The microstructure of SAF 2507 experiences significant changes in volume fractions
following solution annealing, as shown in Figure 3. Prior to solution heat treatment, the
volume fraction of austenite measured 56.1%, surpassing that of ferrite. However, post-
solution annealing, the volume fractions of austenite and ferrite became equal, with the
variation in volume fraction decreasing from 4.2% to 2.6%. This indicates that solution
annealing plays a critical role in stabilizing the volume fractions of austenite and ferrite.

The equalization of volume fractions post-heat treatment contributes to enhanced
corrosion resistance by balancing the electrochemical potentials between austenite and
ferrite, thereby reducing galvanic corrosion. Nilsson’s study on the corrosion resistance of
SAF 2507 under various solution-annealing conditions supports this finding, demonstrating
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optimized corrosion resistance achieved through balanced volume fractions of austenite
and ferrite.

60

-IAustenite
I Ferrite

T
56.1%

o
a
!

49.9% 50.1%

Volume fraction, %
g

&

Casting Solution annealing

Manufacturing process

Figure 3. Volume fractions of austenite and ferrite in super duplex stainless steel SAF2507 for various

manufacturing processes.

Consequently, the final microstructural state of SAF 2507 during the manufacturing
process is stabilized through solution heat treatment. This treatment results in a homoge-
nized microstructure, which is essential for achieving optimized corrosion resistance.

3.2. Effect of Ag Coating

To enhance the manufacturing of Li-ion battery cases, SDSS SAF2507 was coated
with Ag instead of Ni, with the surface analyzed using FE-SEM, as shown in Figure 4.
The surface images reveal variations that depend on the coating thickness. A smooth,
mirror-like finish was achieved through surface pretreatment prior to coating. The surface
characteristics exhibited coating distinct features based on the Ag coating thickness. At a
thickness of 0.5 pm, the surface appeared fine and heterogeneous, displaying microstains.
As the thickness increased to 2.0 pm, the surface became significantly more uniform.

(a) (b) ()

(d) (e) (f)
Figure 4. Surface images of Ag-coated super duplex stainless steel SAF2507 with varying Ag coating
thicknesses for enhanced Li-ion battery case applications: (a) coating thickness = 0.0 um (before

coating), (b) coating thickness = 0.5 pm, (c) coating thickness = 1.0 um, (d) coating thickness = 1.5 um,
(e) coating thickness = 2.0 um, and (f) coating thickness = 2.5 um.
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The influence of Ag coating on the microstructure was analyzed using X-ray diffraction
(XRD), with results depicted in Figure 5. The primary growth of austenite and ferrite in
SDSS was observed on the (111) plane at approximately 42° and 45°. This growth further
extended to the (200) planes at 51° and 65° and to the (220) plane at 73°. The main
peaks of SAF2507 were consistent with those reported in the existing literature, indicating
typical states. Notably, the intensity of the SAF2507 peaks exhibited a decreasing trend
with increasing Ag coating thickness, while the intensity of the Ag peaks demonstrated
an increasing trend. The behavior of the Ag peaks varied with the coating thickness;
specifically, the Ag (111) plane served as the primary growth peak up to a thickness of
1.5 pm, after which the growth shifted toward the (200) direction beyond 2.0 pm. These
results indicate the influence of the matrix structure on the growth behavior. The primary
growth direction for SAF2507 was along the (111) plane, and Ag coated up to 1.5 um
also aligned with this plane. Beyond this thickness, the surface images exhibited more

complexity, suggesting changes in microstructural characteristics.
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Figure 5. XRD patterns for SDSS SAF2507 with varying Ag coating thicknesses for enhanced Li-ion
battery cases: (a) intensity from 0 to 250,000 and (b) intensity from 0 to 5000.
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The surface of SDSS SAF2507 was polished and electropolished to facilitate Ag coating,
maintaining a surface roughness of less than 10 nm. The surface roughness was analyzed
using AFM, with the results presented in Figure 6. The roughness exhibited a decreasing
trend with increasing Ag coating thickness, reaching 2 nm at a thickness of 1.5 um. This
reduction in roughness up to 1.5 um is attributed to preferential coating on the (111)
plane, where the influence of the base microstructure was significant. Beyond 1.5 um,
an increase in surface roughness was observed due to the growth of the (200) and (220)
planes. Consequently, the lattice structures of both the base microstructure and metal lattice
structure significantly influenced the surface roughness. In metals, an increase in surface
roughness acts as a factor that reduces electrical conductivity because it increases the move
distance of electrons and dislocation [37,45]. At 2.5 um, an increase in surface roughness
can hinder the improvement of electrical conductivity.

T T T T 100 T T T T
90
£ -
o
E 124 - g 80 -.
3]
7)) 704
o w £
(7] 94 Q= o
0 c
@ £
c D) E 504
L = tg
g’ 6 - 2 g 40 -
[}
e o X ]
3 £ —
© 3  — S 20 4 e
T ,/ l\./ a i —_—
= 4 10 -
(7}
0 T T T T 0 T T T T
0.0 0.5 1.0 15 2.0 25 0.0 0.5 1.0 15 20 25
Coating thickness, pm Coating thickness, pm
(a) (b)

Figure 6. Surface roughness of Ag-coated super duplex stainless steel SAF2507 at varying coating
thicknesses from 0 to 2.5 um: (a) Ra (um) and (b) roughness gap, defined as the difference between
the maximum and minimum roughness (um).

The coating thickness was analyzed using GDS, with the results presented in Figure 7.
The Ag coating layer was classified into two distinct states: the coating layer and the mixed
layer. The coating layer exhibited a high Ag density of over 99%, whereas the mixed
layer showed a decreased Ag concentration alongside an increase in the concentrations
of SAF2507 elements. The components of SAF2507, such as Ni, Fe, Mo, and Cr, exhibited
similar behaviors before and after coating. These observed differences were attributed
to the extended results dependent on the Ag coating layer. Therefore, the conditions
of SAF2507 remained consistent, with variations noted only in the Ag coating layer, as
confirmed by GDS. The GDS analysis revealed the thickness of the Ag coating layer and
validated the presence of a mixed layer, confirming that the coating thickness matched the
designed specifications.

The Ag-coated SDSS exhibited enhanced electrical conductivity at Figure 8, which
was assessed by measuring electrical resistance [37,45]. In this context, the ICAS defined
the conductivity of Cu at 100%, Fe at 1.9%, and Ag at 108.4%. The electrical conductivity
demonstrated a dependence on the thickness of the Ag coating. At an Ag coating thickness
of 0.0 pm, the ICAS was recorded at 1.9%, increasing to 58.8% at 1.0 pm. However, this
upward trend diminished as the thickness increased, reaching 72.3% at 2.5 pm. Although
the Ag coating layer contributed to enhancing electrical conductivity, this improvement
appeared to be influenced by both the coating thickness and the underlying lattice structure.
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Figure 7. GDS results illustrating the relationship between thickness (um) and the concentra-
tion of major alloying elements (%) in SDSS SAF2507 with various Ag coating thicknesses, em-
ployed in enhanced Li-ion battery cases: (a) coating thickness = 0.0 um (before coating), (b) coat-
ing thickness = 0.5 um, (c) coating thickness = 1.0 um, (d) coating thickness = 1.5 pm, (e) coating
thickness = 2.0 um, and (f) coating thickness = 2.5 um.
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Figure 8. Electrical conductivity as a function of Ag coating thickness on SDSS SAF2507.

Although electrical conductivity increased with the thickness of the Ag coating, the
rate of increase was dependent on the lattice orientation. A uniform Ag coating layer on the
(111) plane exhibited an ICAS electrical conductivity exceeding 57% at 1 um. In contrast,
Ag coating layers grown in various orientations showed an ICAS conductivity of only
23.5%, indicating that lattice structure significantly affected electron movement. Previous
studies have shown that electrical steel oriented along the (111) plane, achieved through
rapid cooling rates, exhibits excellent electrical properties. The conductivity characteristics
observed in this study align with earlier findings, highlighting that controlling the lattice
structure of the coating layer is a critical factor for optimizing electrical conductivity.

3.3. Electrochemical Behavior

The reactivity of pure metals can be calculated using the electrons involved in the
reaction and the Nernst equation to determine the galvanic potential. However, it is
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difficult to calculate the reactivity of alloys or surface-treated materials because the surface
treatment affects the reactivity [46,47]. Therefore, the potential of the surface-treated alloys
can be measured using the OCP. The OCP results for different Ag coating thicknesses
are presented in Figure 9. As the Ag coating thickness increases, the potential decreases
from —0.04 to —0.11 V. The potential continuously decreases with increasing Ag coating
thickness, with the largest drop observed at a thickness of 0.5 pm, where the potential
reaches —0.08 V.

0.2 T T T T T T

; .
——20.0 ym
——0.5 ym |

> 0.17 — 1.0 ym|

wi —1.5 ym ]

O ——2.0 ym
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o

> | e

I m%

-

c

(<]

°

o 027 .

-0.3 T T T T y T T T T T T
0 600 1200 1800 2400 3000 3600

Time, sec

Figure 9. Time (s) vs potential (V) curve, i.e.,, OCP curve for various Ag coating thicknesses on super
duplex stainless steel SAF2507 in NaCl electrolyte solution of 3.5 wt.%.

The potential of stainless steel varies depending on the surface condition and is
generally known to range between —0.3 and 0.1 V [48,49]. The potential of SDSS SAF2507
before the coating was —0.04 V, which aligns with the existing theoretical values. The Ag
layer coated on the surface of SDSS influences its potential. Because Ag, with an atomic
number of 47, is larger than Cl, which has an atomic number of 17, the Ag coating layer
provides sufficient space for Cl ions to penetrate. Consequently, the decrease in potential
observed in the OCP results is due to the galvanic corrosion between Ag and SDSS, leading
to a reduction in the potential. As the coating thickness increases, the galvanic potential
increases, which explains the decrease in the potential observed in the OCP results.

The potentiodynamic polarization test can predict the corrosion behavior by observing
changes in the current density in relation to the potential [31,41]. To analyze the corrosion
behavior based on the thickness of the coating layer, a potentiodynamic polarization test
was conducted, and the results are presented in Figure 10 and Table 3. Before coating, SDSS
SAF2507 exhibited activation polarization at —0.1 V, and after passivation, the pitting poten-
tial (Ept) was confirmed at 1.11 V. After coating, the potential during activation polarization
decreased and the current density increased. In addition, the pitting potential decreased.

Table 3. Key values of OCP results and parameters from potentiodynamic polarization curves for
various Ag coating thicknesses up to 2.5 um on SDSS SAF2507.

Potentiodynamic Polarization Curve at Active Polarization

Tﬁ%lioeztsmfm OCP Potential, V T e E v

4 COrYs corrs pits
0.0 —0.04 —0.09 2 x 1077 1.11
0.5 —0.07 —0.10 4 x 1077 1.00
1.0 —0.09 —0.11 4 x 1077 1.03
1.5 —0.09 —0.11 4 x 1077 1.04
2.0 —0.11 —0.12 4 x 1077 1.03
25 —0.11 —0.21 4x107° 0.03
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Figure 10. Potentiodynamic polarization curves displaying the relationship between potential (V)
and current density (A/cm?) for SDSS SAF2507 with varying Ag coating thicknesses.

The Ag coating on the SDSS surface accelerated the corrosion rate owing to galvanic
corrosion. During the passivation stage, uneven corrosion occurred on the Ag-coated
material. The Ag coating influenced the corrosion behavior, resulting in reduced corrosion
resistance. As the thickness of the Ag coating increased, the corrosion rate from galvanic
corrosion also rose, leading to accelerated corrosion during activation polarization and a
decrease in the pitting potential [50,51]. This behavior varied with coating thickness. While
galvanic corrosion increased from 0.5 pm to 2.0 pm, the rate of increase at thicknesses above
2.5 pm escalated significantly, resulting in uniform corrosion at 0.03 V. The Ag coating
appeared to shift the corrosion of SDSS SAF2507 toward uniform corrosion [52,53]. Based
on the results of the potentiodynamic polarization test, maintaining the Ag coating layer
inside battery cases below 2.0 um is advisable.

To measure corrosion caused by CI” ions, the atomic radius was calculated using the
covalent radius. Results are presented in Table 4 and Figure 11. Stainless steel exhibits
passive ceramic polarization, with a mass of 152.0 g/m? and an atomic radius of up
to 440 pm. XRD analysis showed that the primary growth direction of SDSS SAF2507
aligned with the (111) plane, which also served as the initial plating growth plane for
Ag. However, starting from the second layer, gaps altered the growth direction of the
coating, leading to the formation of voids as coating thickness increased. This change in
growth direction reduced the available spaces for Cl” ion penetration, which subsequently
increased galvanic corrosion.

Table 4. Values of atomic number, atomic mass, and atomic radius for each element present in the
passivation layer.

Element Atomic Number Mass, g/m® Atom Radius, pm
Cr 24 52.0 130
Ag 47 107.9 160
(@) 8 16.0 60
Cl 17 35.5 100

An increase in the thickness of the Ag coating led to more pronounced galvanic
corrosion. This was attributed to the surface reaction between Ag and SDSS SAF2507,
accompanied by a rise in the corrosion rate from 2 x 1077 to 4 x 107°. This corrosion
behavior was strongly influenced by surface conditions. Figure 11 illustrates an uneven
Ag coating (highlighted by the red dashed square) on the surface of SDSS SAF2507, where
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the growth of the coating layer occurred predominantly in the (111) direction. The lattice
mismatch introduced uneven gaps, diversifying the growth directions of the coating and
partially filling these gaps. However, the coating failed to fully seal the gaps, which allowed
uniform corrosion to proceed after activation polarization during the potentiodynamic
polarization test. To mitigate this corrosion issue, the formation of a new intermediate
layer—comprising materials with low atomic size and high density—between the stainless
steel and the silver coating can be proposed. This intermediate layer could act as a buffer
to reduce galvanic corrosion.

Clion
—Cl lon attack direction
Ag coating layer

— Cr,0, layer,
passivation

Figure 11. Image depicting chloride ion attack on Ag-coated SDSS SAF2507 in an electrolyte solution.

Previous research has indicated the difficulty of achieving a completely sealed coating
layer using both wet and dry coating methods. The electrochemical analysis results from
this study confirmed these trends. Coating SDSS with Ag up to a thickness of 2.5 um
resulted in inadequate corrosion resistance, highlighting the desirability of maintaining a
coating thickness of 2.0 um.

4. Conclusions

Ag coating to a thickness of 2.5 pm influenced the corrosion resistance of SDSS
SAF2507, as indicated by the electrochemical analysis results from this study.

(1) After casting and heat treatment, the microstructure and phase fraction of SDSS
SAF2507 were stabilized through solution annealing. The as-cast microstructure formed
a ferrite matrix with uneven austenite grains ranging from 5 to 50 pm. Additionally, the
volume fraction of austenite exceeded 56%. Following the solution heat treatment, the
austenite grain size was homogenized to 20-30 um, equivalent to that of ferrite. This
solution annealing process has secured the machining conditions for the material, ensuring
superior corrosion resistance and mechanical properties, making it suitable for component
manufacturing. These conditions are suitable to be applied to the manufacturing process of
SDSS because they control the organization during manufacturing.

(2) The Ag coating on SDSS SAF2507 was influenced by the base structure, with
the primary growth direction along the (111) plane up to a coating thickness of 1.5 um.
The surface roughness decreased to below 2 nm up to a coating thickness of 2.0 pum but
increased to 6 nm at 2.5 pm. The roughness of the Ag coating layer occurred at the
nanometer scale and depended on the growth direction. Electrical conductivity varied
with coating thickness, with differences influenced by both thickness and lattice structure.
Therefore, managing the lattice structure of the coating layer is essential in addition to
controlling the thickness. Therefore, it was confirmed that metal coating is possible on
dual-phase materials.

(3) Differences in electrochemical behavior were observed depending on Ag coating
thickness. Increasing the thickness of the Ag coating resulted in a decrease in potential due
to galvanic corrosion, shifting from —0.04 V to —0.11 V, while the corrosion rate (current
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density) increased from 2.6 x 10~7 A/cm? to 4.0 x 107> A/cm?. The Ag coating decreased
corrosion resistance due to galvanic corrosion as a result of the formation of a passivation
layer on SDSS. However, when the coating thickness was below 2.0 um, SDSS SAF2507
maintained passivation, preserving excellent corrosion resistance. Therefore, implementing
a pre-coating strategy when applying a coating to SDSS SAF2507 is crucial for maintaining
high electrical conductivity without compromising corrosion resistance. Through this
study, the possibility of improving Li-ion battery case materials was confirmed and it is
expected to be helpful in the development of structural materials for electronic products in
the future.
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